We provide accurate assessments of the consequences of violations of self-consistency in HartreeFock (HF) based random phase approximation (RPA) calculations of the centroid energy E cen of isoscalar and isovector giant resonances of multi-polarities L = 0 − 3 in a wide range of nuclei. This is done by carrying out highly accurate HF-RPA calculations neglecting the particle-hole (ph) spin-orbit or Coulomb interaction in the RPA and comparing with the fully self-consistent HF-RPA results. We find that the shifts in the value of E cen due to self-consistency violation associated with the spin-orbit and Coulomb interactions are comparable or larger than the current experimental errors in E cen .
I. INTRODUCTION
The study of collective modes in nuclei provide very important information for understanding the structural and bulk properties of nuclear systems. For example, the isovector giant dipole (IVGDR) mode is sensitive to the symmetry energy, the centroid energy E cen of the isoscalar giant monopole resonance (ISGMR) is related to the value of the incompressibility modulus K ∞ of symmetric nuclear matter [1, 2] , and low lying collective states give a clue on the nuclear shell structure. These quantities are important ingredients not only for the description of finite nuclei but also for the study of heavy-ion collisions, supernovae and neutron stars. Recent developments in high precision experimental facilities make it possible to measure the centroid energy of the ISGMR with an error of δE cen ∼ 0.1 − 0.3 MeV [3, 4] . Using the approximate relation (δK ∞ )/K ∞ = 2(δE cen )/E cen and, for example, the recent experimental value of E cen = 13.96 ± 0.20 MeV for the ISGMR in 208 Pb, one has an error of δK ∞ = 6 − 9 MeV for K ∞ = 200 − 300 MeV. This enhanced precision calls for a critical accuracy check at the side of the the theoretical calculations with the goal that the error in the calculated value of E cen is less than the experimental error.
The basic theory for the microscopic description of different modes of giant resonances is the Hartree-Fock(HF) based random phase approximation (RPA) [5, 6] . Although this approach is conceptually well understood, actual calculations make compromises for reasons of simplicity or numerical expense. One can hardly avoid limitations in the numerical basis and RPA phase space. Furthermore, most of the presently available HF-RPA calculations omit the painful to evaluate pieces of the RPA residual interaction, namely its spin-orbit and/or Coulomb parts. We will call that the self-consistency violation (SCV) in the following. It is obvious that a very accurate calculation within HF-RPA demands a sufficiently complete basis and in particular self-consistency, i.e., using exactly the same pieces in the residual interaction that have been used in the underlying HF calculation. Unfortunately, apart from some fully self-consistent calculations [7, 8, 9, 10, 11] , most existing HF-RPA calculations are contaminated by SCV. First assessments on the effects of SCV on the strength functions of giant resonances were obtained in Refs. [12, 13, 14] . In Ref. [13] , results of elaborate studies of the effects of SCV on the constrained energy (E con ) and scaling energy (E s ) have been reported only for the ISGMR. It is to be noted that the full self-consistent values of E con and E s were obtained using the constrained Hartree-Fock (CHF) approach. It was pointed out [13] that the SCV concerning spin-orbit and Coulomb interactions may cause an error in E con of the ISGMR which becomes larger than 1 MeV, i.e. as large as 5 times the experimental error. This calls for a systematic assessment of the effects of SCV on the excitation energies of other modes as well. Recently in Ref. [9] , fully self-consistent calculations of strength function were reported and the shift of the peak of the ISGMR strength function due to SCV has been discussed for 120 Sn. In Ref. [10] , the effect of SCV has been assessed for the IVGDR in 16 O using the fully self-consistent approach of small amplitude time dependent Hartree-Fock method. We will continue here with discussing a greater variety of modes, namely the sequence of isoscalar and isovector multi-pole resonances in the range L = 0 − 3 and a few examples from low lying collective states.
Before attacking the main task, it is worthwhile to put the various sources of uncertainties into perspective. The HF-RPA method optimizes the modes in the space of one-particleone-hole (1ph) excitations. Correlations, i.e. 2ph and higher structures are not accounted for explicitly. Such correlations have been very much discussed in the past, for reviews see e.g. [17, 18, 19] . The main effect is a collisional broadening of the strength distributions. This can be accompanied by a certain shift of the resonance peak position which grows with excitation energy and can reach orders of 1 MeV for the rather high lying isovector modes (in the range above 20 MeV). However, the Skyrme forces employed in nuclear HF and RPA calculations are effective forces which incorporate already a great deal of correlations [20] . This reduces the correlation effects on the peak positions [19, 21] . We adopt the view that the net effect remains of order of a tenth of MeV for modes with moderate excitation energy around and below 15 MeV. A second crucial aspect concerns limitations within the HF-RPA approach itself. There are two major questions: the size of the RPA phase space and the handling of the particle continuum. We take care to use a sufficiently large expansion basis such that peak positions have converged to uncertainties below 0.1 MeV. The artificial discretization of the continuum has very little effect on the average peak positions but limits the spectral resolution with which one can reliably compute the strength distributions [22] . We use a large simulation box and properly adapted smoothing width. After all, there remain the effects of SCV to be studied. We demonstrate the accuracy of our fully self-consistent HF based RPA calculations of the strength functions of giant resonances by comparing (i) the RPA results with the corresponding ones of CHF for the case of the ISGMR and (ii) the total energy weighted strengths with the corresponding energy weighted sum rules (EWSR).
II. FORMALITIES
We calculate the strength function,
following the fully self-consistent method based on Q − P representation described in Ref. [7, 15] . In Eq. (1), |0 > is the RPA ground state and the sum is over all RPA excited states |j > with the corresponding excitation energy E j . The scattering operator F L is given by
with f (r) = r 2 , r 2 and r 3 for monopole, quadrupole and octopole, respectively. For the isovector dipole we have taken, f (r) = r, whereas for the isoscalar dipole we adopt the scattering operator f (r) = r 3 −
3
< r 2 > r to eliminate the contribution of spurious state mixing [12] . Once we have the strength function, the energy moments can be calculated by,
Then the centroid, constrained and scaling energies of the giant resonance are computed as,
For the isoscalar (T = 0) operator in Eq. (2), the EWSR is given by [2, 5] 
with
where ρ(r) is the HF ground state matter density distribution and
For the isovector (T = 1) operator of Eq. (3), we have,
where κ is the enhancement factor due to the momentum dependence of the effective nucleonnucleon interaction, and is given by,
where t i and x i are the parameters of the Skyrme interaction. The correction κ np , which arises because of the difference in the profiles of the neutrons and protons density distribution
, is given by,
The fully self-consistent moment m −1 for the ISGMR can also be calculated using the constrained Hartree-Fock method [1] ,
where the mean square radius < r 2 > λ and the energies E λ are obtained using the solution of the constrained Hamiltonian H λ = H − λr 2 . The self-consistent energy moment m 1 can be evaluated [5] using the EWSR of Eqs. (6)- (8) with f = r 2 ,
where m is the mass of the nucleon, A is the mass number and < r 2 > is the mean square radius calculated using the ground state HF wave function. Thus, using Eqs. (12) and (13), one can get the self-consistent value of E con which can also be used to check the accuracy of the RPA calculations (in particular, the completeness of the RPA phase space). For plotting purpose, we employ a Lorentzian smearing of the strength function of Eq. (1) obtaining,
where Γ is the smearing parameter taken to be 2 MeV or larger. Note, however, that for the evaluations of the energy moments, Eq. (4), and the energies of various giant resonances,
we use a very small value for Γ (< 0.2 MeV).
Since we shall be investigating the magnitude of errors in the calculation of the observables for giant resonances due to the violation of the self-consistency, it is necessary to pay attention to the accuracy of HF and RPA calculations. We have taken a box of size 30 fm.
This large computational box allows a spectral resolution of the strength functions in the particle continuum of about 0.8 MeV [22] which is by far sufficient for our present investigation. The mesh size is taken to be 0.3 fm. The flexible formulation of the RPA [7] in the Q-P representation allows one to include 1ph excitations up to very high energy, just by taking the detailed 1ph space only for transitions up to few major single particle shell [15] . We have taken the detailed 1ph space up to 4 particle major shell and checked the convergence of the results by comparing with those obtained with 6 particle major shell. We have adopted the SGII [16] (1) and (4) respectively. We point out that the correction term κ np in (9) for isovector modes which is usually missing in the literature is not negligible for asymmetric nuclei. As an example, for
208 Pb, L = 3, κ np has an effect of 2% in the calculation of EWSR. The effect of κ np will be more significant for nuclei near the drip lines because of the large difference between the neutron and proton density distributions and also for the large asymmetry (N − Z)/A (see Eq. (11)).
In Table III , we have given the energies E con , E s and E cen of the ISGMR for a host of nuclei ranging from very light to heavy, including some neutron or proton rich nuclei.
The second column of Table III energies. This shows that obtaining a value of m 1 in a RPA calculation which is very close to the EWSR does not indicate an accurate and fully self-consistent implementation of HF based RPA theory (see also [12] ).
In theoretical study of giant resonances, the evaluation of the strength function S(E)
is needed to compute the energy moments (4) and hence the centroid energy, constrained energy, etc. Therefore, it is worth seeing how the strength function as such gets affected by the self consistency violation. In Fig. 1 , we display the variation of the S(E) with energy In both cases of the quadrupole and octopole giant resonances, the effect of the violation of self consistency acts in the same direction which is in contrary to the ISGMR and ISGDR cases. Therefore, the total shift in the peak energy of S(E) will be very significant if one omits both Coulomb and spin-orbit ph interactions in the RPA calculations. Note also the significant shifts in the energies and strengths of the low lying isoscalar L = 1 − 3 states due to SCV.
In Fig. 2 , we plot the strength functions for the isovector modes for 208 Pb in the same way as we have done in Fig. 1 In Table V , we present, for a wide range of nuclei, the self consistent centroid energies E cen (SC) and their shifts δE LS and δE CO due to the self-consistency violations for ph spinorbit and Coulomb interactions in the RPA calculations, respectively. We have given results for different multi-polarities (L = 0, 1, 2 and 3) for both the isoscalar and the isovector modes.
It is evident from the table that for isoscalar modes, the effect of LS or CO violations are most prominent for monopole resonance which are almost 2 to 3 times larger than those for the other multi-polarities. Note that if we drop the ph LS and CO interactions simultaneously in the RPA calculations for 208 Pb ISGMR, the shift of the centroid energy is δE LS,CO = −0.30
MeV which is comparable to the experimental uncertainty. The effects of the LS and CO self-consistency violations are found to be somewhat smaller for L = 2 and 3 in comparison with the ISGMR for all of these nuclei. But for the L = 2 and 3 modes, δE LS and δE CO are found to be of the same sign. Therefore, their combined effect on the centroid energy is significant. The SCV associated with the Coloumb interaction (in the RPA level) affects E cen considerably in the dipole and monopole modes of the isovector channel. Table VI .
The effects are of the same order as found for the giant resonances. However, for these low lying states a mismatch of about 0.5 MeV is large compared to the total excitation energy.
A fully consistent calculation is compulsory for studying spectra in that energy range.
IV. CONCLUSION
In summary, we have carried out highly accurate fully self-consistent Hartree-Fock (HF) based random phase approximation (RPA) calculations for the strength functions of isoscalar and isovector L = 0 − 3 modes in a wide range of nuclei. We have quantified very accurately the effects of self-consistency violations in the calculations of the energies of giant resonances of nuclei within the HF based RPA. We have studied the cases of SCV due to the omission of the spin-orbit (LS) or/and Coulomb (CO) ph interactions and mainly focus on their effects on the centroid energy E cen . Here we consider both isoscalar and isovector modes of multi-polarities L = 0 − 3. It is found, for the wide range of nuclei considered here, that the effects of violations of self-consistency due to the ph LS or CO interactions are most significant for the ISGMR. For the ISGMR, the absence of the ph LS interaction tends to increase E cen , whereas the violation due to ph CO interaction decreases E cen . For the spin unsaturated nuclei (such as 56 Ni and 100 Sn), the shift in E cen is robust (∼ 1.5 MeV) which is almost 5 times larger than the experimental uncertainty. For other higher multi-polarities, the individual effect of the ph LS and CO interactions are somewhat smaller than those for the ISGMR. But for the quadrupole and octopole modes, the LS and CO self-consistency violations both tends to reduce the centroid energy. Hence, the effect of SCV on E cen in these modes are significant (0.3 − 0.6 MeV) if one neglects the ph spin-orbit and Coulomb interactions simultaneously in the RPA calculation. for the calculations of the centroid energies are given in columns 3 and 7. The Skyrme interaction SGII [16] was used.
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